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The development of transitional interfacial zones between adjacent tissues remains a significant
challenge for developing tissue engineering and regenerative medicine strategies. Using osteogenic
differentiation as a model, we describe a novel approach to spatially regulate expression and
secretion of the bone morphogenetic protein (BMP-2) in a two-dimensional field of cultured
cells, by flow patterning the modulators of inducible BMP-2 gene expression. We first
demonstrate control of gene expression, and of osteogenic differentiation of the cell line with
inducible expression of BMP-2. Then we design laminar flow systems, with patterned delivery
of Doxycycline (Dox), the expression modulator of BMP-2. The patterned concentration
profiles were verified by computational simulation and dye separation experiments. Patterned
differentiation experiments conducted in the flow systems for a period of three weeks showed the
Dox concentration dependent osteogenic differentiation, as evidenced by mineral deposition. In
summary, by combining inducible gene expression with laminar flow technologies, this study
provided an innovative way to engineer tissue interfaces.
Introduction
Highly organized structures are a defining feature of biological
tissues. Among these structures, tissue interfaces play central
roles in organ development and function. For example, in
musculoskeletal systems, the interface between bone and
soft tissue facilitates transmission of mechanical loads and
minimizes stress concentration in junctions.1 Without
adequate tissue interaction in such junctions, conventional
soft tissue grafts fail at the bone insertion site.2 An important
goal in cell and tissue engineering is therefore to recapitulate
tissue interfaces, if the organization of the engineered tissue is
to reflect that of native tissue.
Numerous regeneration approaches have been investigated
to reconstruct functional tissues interfaces. The layered struc-
ture combined with multiple-phase culture is commonly
used to pattern different cells, and construct tissue interfaces.3
One strategy to engineer osteochondral tissue interface is to
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Insight, innovation, integration
During native tissue development and remodeling, the
differentiating cells form boundaries and interfaces, in response
to spatial gradients of cytokines, whereas the formation of
transitional zones in vitro remains a significant challenge.
Using a bone–soft tissue interface as a model, we describe a
novel approach to spatially regulate expression and secretion
of the bone morphogenetic protein (BMP-2), by using flow
patterning of inducible BMP-2 gene expression. To this end,
we constructed microfludic systems for cultivation of a cell line
transfected with the human BMP-2 gene under control of the
inducible Tet-Off system, that enabled a patterned delivery of
Doxycycline (Dox), the expression modulator of BMP-2. This
way, cell differentiation was also patterned, into an osteogenic
zone (Dox), a fibroblastic zone (Dox+), and a transient
zone (gradient of Dox concentration). In experimental and
modeling studies, we show that inducible gene expression can
be effectively used in conjunction with microfluidic devices to
form tissue interfaces.
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fabricate a polymer scaffold consisting of two layers of
materials with distinct properties—such as porosity, mecha-
nical strength and material microstructure, to mimic the
natural environment for bone and cartilage development.
These scaffolds are seeded with either human mesenchymal
stem cells or pre-differentiated chondrocytes and osteoblasts
and the tissue formation is investigated in vitro or in vivo
studies.4–7 However this approach is restricted by inherent
discontinuities across different materials.8 Growth factors and
chemokines can serve as powerful long-range mediators of
cellular organization and function.9 Thus, constructing growth
factor gradients within the structure could be a promising way
to develop tissue interfaces. In some studies, sustained
release of growth factors incorporated into polymer scaffolds
facilitated bone and cartilage differentiation in vitro and
in vivo.10–12 However the dose of growth factors in these
scaffold systems was not well defined, due to the lack of
optimal techniques to deliver and maintain growth factor
signals in engineered constructs.13
Recent studies have focused on alternative strategies, by
directly modulating spatial patterns of gene expression within
a cell population, thereby modulating the functions of cells.
Ziauddin and Sabatini demonstrated that gene expression
could be patterned in culture via a reverse transfection
procedure wherein plasmid DNA was immobilized on a
substrate onto which a monolayer of cells was subsequently
grown.14 But this approach has been limited by the low
efficiency of plasmid transfection. To alleviate the limitations
of plasmid-based transfection, more efficient viral vectors
(which may present safety issues) have been used to construct
tissue interface by spatial regulation of gene transfer.15
In the present study we proposed a new strategy to pattern
cell differentiation by patterning gene expression modulator
within laminar fluidic system. When parallel laminar streams
of different liquids flow inside a channel at a low Reynolds
number (Re o 1), there is no mixing between these adjacent
streams, other than by diffusion. For this reason, laminar flow
systems have been utilized for separations or patterning of the
cells and factors.16–19 The generation of specific patterns by
using such fluidic methods is rather straightforward, as the
characteristics of the fluidic environment can be tightly
controlled.
We chose an inducible BMP-2 expressing cell line (C9)
under the control of Tet-off gene expression system. This
model can provide efficient control of BMP-2 gene expression
by modulating the concentration of BMP-2 expression modulator
doxycycline (Dox) (Fig. 1). BMP-2 belongs to the transforming
growth factor superfamily and plays an important role in
osteogenesis and bone metabolism, serving as a powerful
inducer of osteoblast differentiation in vitro and bone forma-
tion in vivo.20,21 Therefore, by patterning the delivery of Dox
to the cultured cells in laminar flow system, we can effectively
pattern the expression of BMP-2 and thereby modulate
osteogenic differentiation (Fig. 2A).
First, we characterized the inducible BMP-2 expression cell
line (C9) in static culture, and proved that BMP-2 secretion
was dependent on Dox concentration (0–1 ng ml1). By
modulating Dox concentration, we could modulate the
BMP-2 mediated osteogenic differentiation, as verified by
calcium deposition and alkaline phosphatase (ALP) analysis.
Then we designed a laminar-fluidic system microfluidic
channel (Fig. 2B). These fluidic systems can deliver different
levels of Dox concentration to cultured monolayers of cells. In
3-week experiments of osteogenic differentiation, we demon-
strated that patterning of osteogenesis in a mesenchymal stem
cell line can be achieved by patterning BMP-2 gene expression
modulator, Dox.
We also developed a larger fluidic chamber (Supplemental
Fig. 1w) and successfully replicated the same method for
patterned osteogensis over a larger field of cells. In addition
to the scale up to larger cell numbers, this fluidic chamber can
accommodate cultivation of cells in a scaffold sheet or a layer
of hydrogel for generating a 3D tissue interface.
Materials and methods
Cell culture and osteogenic differentiation
The BMP-2 inducible expression cell line (C9 cell) was
orginated from C3H10T1/2 murine MSCs cell line after
transfection with the human BMP-2 gene under control of
the inducible Tet-off system.22,23 The C9 cells were cultured in
basic medium: Dulbecco’s Modified Eagle’s Medium (DMEM)
(Fisher, Pittsburg, PA) supplemented with 10% fetal bovine
serum (Fisher), 2 mM L-glutamine, 100 U ml1 penicillin,
100 mg ml1 streptomycin (Invitrogen, Carlsbad, CA), and
1 mg ml1 Dox (Sigma-Aldrich, St Louis, MO) to repress
Fig. 1 Biological model of inducible BMP-2 expression under Tet-off
gene expression. Dox concentration dependent BMP-2 expression
leads to concentration-dependent osteogenic differentiation.
Fig. 2 Experimental system. (A) Strategy for patterning osteogenic
cell differentiation. Cultured cells with inducible BMP-2 expression are
exposed to laminar flow with two streams (one with and one without
Dox), generating a pattern of Dox concentration. The patterned
Dox concentration profile leads to patterned BMP-2 expression, and
thereby to patterned osteogenic differentiation. (B) Flow channel
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BMP-2 secretion. Every 2–3 passages, C9 cells were subjected
to selection medium: basic medium supplemented with
500 mg ml1 G418, 200 mg ml1 hygromycin (Sigma-Aldrich),
and 1 mg ml1 Dox to eliminate the cells which lost their
genotype. For osteogenic differentiation, C9 cells were cultured
in differentiation medium: basic medium supplemented with
10 mM sodium-b-glycerophosphate, 0.05 mM ascorbic
acid-2-phophate (Sigma-Aldrich) and with or without Dox
added. Medium was changed twice a week.
BMP-2 and DNA
Secretion of BMP-2 into culture medium was measured by
BMP-2 sandwich ELISA kit, according to the manufacturer’s
protocol (R&D Systems; Minneapolis, MN). For evaluating
DNA content, the cells cultured in monolayer were washed in
PBS, placed in digestion buffer (10 mM Tris, 1 mM EDTA,
and 0.1% Triton X-100 with 0.1 mg mL1 proteinase K,
Sigma-Aldrich) in centrifuge tubes, and incubated overnight
at 50 1C. The supernatants were sampled, the Picogreen dye
(Molecular Probes, Eugene, OR) was added to the samples in
1 : 1 ratio, and read in fluorescent plate reader at excitation
of 485 nm, emission of 528 nm (BioTek, Winooski, VT). A
standard curve was prepared from a solution of salmon testes
DNA (Molecular Probes).
Alkaline prosphatase (ALP) measurement and staining
For alkaline phosphatase (ALP) measurement, cells were
harvested in 100 mL of lysate buffer consisting of PBS (Fisher),
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 0.1 mg mL1 phenylmethylsulfonylfluoride
(PMSF) and 3% aprotinin (Sigma-Aldrich), that was maintained
on ice and vortexed intermittently for 30 min to break down
the cell membranes. The extracts were removed, centrifuged
and the supernatants were stored at 20 1C. 50 mL of a sample
was incubated with 50 mL of alkaline buffer and 50 mL
nitrophenyl-phosphate substrate solution (Sigma-Aldrich) in
micro-centrifuge tubes at 37 1C for 10–20 min. The reaction
was stopped with 0.5 N NaOH (Sigma-Aldrich). The absor-
bance was read at 405 nm (Molecular Devices, Sunnyvale, CA)
and compared to a standard curve obtained from p-nitro-
phenol solutions (Sigma-Aldrich) of known concentrations.
For ALP staining, the cultured cell monolayer was fixed in
citrate buffered acetone for 30 s, after rinsing in distilled water
for 45 s, and the fixed monolayer was immersed into alkaline-dye
mixture consisting of 4% AS-MX Phosphate Alkaline solution in
diluted diazonium salt solution (Sigma-Aldrich), for 30 min in
dark, and washed in de-ionized water. ALP staining was captured
by microscope (Olympus IX81, Center Valley, PA).
Calcium measurement and von Kossa staining
For calcium measurement, the cells were extracted by 5%
trichloroacetic acid (Sigma-Aldrich), and diluted as necessary
to be within tolerance ranges of assay. Ocresolphtalein
complex was added (Calcium CPC LiquiColor Test, Stanbio
Laboratory, Boerne, TX) and the calcium content was
measured in spectrophotometer at 550 nm (Molecular Devices).
For von Kossa staining, the cultured cells monolayers were
washed with PBS and fixed in cold 10% buffered formalin
(Fisher). The cells were then rinsed by distilled water and then
immersed in 5% silver nitrate (Sigma-Aldrich) solution
followed by exposure to bright light for 1 h. Mineralization
was captured by microscope (Olympus X81).
Bone sialoprotein (BSP) staining
For BSP staining, cell monolayers were washed with PBS and
fixed in cold 10% buffered formalin (Fisher). The cells were
then rinsed by distilled water quenched with 0.3% H2O2, and
blocked with PBS containing 5% BSA and 0.02% (vol/vol)
goat serum (Sigma-Aldrich) for 30 min at room temperature.
After rinsing with PBS, slides were incubated with 1 : 1000 BSP
antibody (Sigma-Aldrich) overnight. The fixed cells
were washed with PBS and incubated with biotinylated goat
anti-rabbit serum (Sigma-Aldrich) and Vectastain ABC Kit
(Vector Laboratories, Burlingame, CA) for 30 min at room
temperature. Brown color was developed with SIGMAFAST
diaminobenzidine (Sigma-Aldrich) for 10 min at room tempera-
ture. Slides were then counter-stained with hematoxylin
(Sigma-Aldrich).
Design and manufacture of fluidic systems
Flow channel. A microfluidic flow channel (Fig. 2B) was
fabricated by using standard soft lithography methods. Photo-
masks with channel patterns were designed using AutoCAD
(AutoDesk, San Rafael, CA), and printed on transparencies
with 20000 dpi resolution. Master molds patterned with 100 mm
thick resist were made by patterning a negative photoresist
on a silicon wafer (manufactured by Stanford Microfludics
Foundry). PDMSmolds were fabricated by curing prepolymer
(Sylgard 184, Essex Chemical, Midland, MI) on silicon
masters patterned with SU-8 photoresist. Briefly, PDMS
prepolymer composed of elastomer and curing agent at 10 : 1
ratio, was poured on the silicon master that was patterned
with photoresist and cured at 60 1C for 2 h. The PDMS molds
were peeled off the silicon wafer. The inlet and outlet of the
micro channel were created by a sharp punch (1 mm diameter,
Fisher) for medium perfusion and cell seeding. The com-
plete microfluidic device consisted of a top PDMS fluidic
channel, a bottom glass slide, tygon tubing (0.79 mm inside
diameter (ID), 2.38 mm outside diameter (OD), McMaster,
Robbinsville, NJ), stainless steel tubing (0.64 mm ID, 0.81 mm
OD, McMaster) and syringe pump (Harvard Apparatus,
Boston, MA). The main fluidic channel was 100 mm
high  20 mm long  6 mm wide, and the branches were
100 mm high  10 mm long  3 mm wide. The micro-
fluidic layer was bonded to oxygen plasma treated glass slide
(Harrick Scientific, Pleasantville, NY), with channels at the
top, slide at the bottom).
Flow experiments. The flow channel was sterilized by over-
night exposure to 70% ethanol and UV light. Tubing was
sterilized separately. The channels were coated with 10 mg ml1
of fibronectin for 2 h, and let dry. A suspension of C9
cells was loaded into the channel (150 mL of suspension, at
1  105 cells mL1) and incubated overnight in a 37 1C/5%
CO2 humidified incubator. In this case, the cells formed a
confluent monolayer. Prior to the experiment, the flow channel
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with proper culture medium, and the output ports were
connected to the waste container.
For dye separation experiments, cells were subjected to
2 continuous streams of flow for 30–60 min, with one stream
of media containing 2 mM Calcein-AM, and the other stream
of unsupplemented medium. The stream with Calcein-AMwas
subsequently replaced with unsupplemented medium for a
30 min wash. For osteogenic differentiation experiments, cells
were continuously perfused in differentiation medium, with
1 ng ml1 or 0 ng ml1 Dox for 3 weeks.
Mathematical model
Velocity and shear stress profiles. The channel geometry was
selected to permit calculation of the wall shear stress as a




and the Reynolds number:
Re ¼ 2rQmðwþ hÞ ð2Þ
where m is the fluid viscosity and r is the fluid density, Q is
the fluid flow rate, w and h are the width and height of the
channel/chamber. The hydrodynamic development length L in
a channel of a height h can be estimated as:24
L
h
¼ 0:3125þ 0:011Re ð3Þ
Computational model. A computational model based
on finite element method (COMSOL Multiphysics v3.2,
Burlington, MA) was used to simulate the concentration and
velocity profiles in the channel/chamber. The concentration
gradient could be described by 3D Navier–Stokes equations






¼ rpþ mr2u ð4Þ
ru = 0 (5)
and the convection-diffusion transport equation
dc
dt
þ ðurÞC ¼ Dr2CX ð6Þ
where r, u, and p are the density, flow velocity and pressure of
the liquid, respectively, and C and D are the concentration and
diffusivity of the molecules. At each time step, the flow velocity
was first calculated independently, and the concentration
was then determined for the computed flow. The boundary
conditions were as follows. At the inlet, flow velocity was set
according to the specific experiment. At the outlet, we imposed
zero normal stress. At the channel walls, we imposed the
no-slip condition, and no flux condition. For the convection-
diffusion equation, a constant concentration was set at the
channel inlet.
Image analysis
The sequential images were acquired using an inverted
microscope (Olympus IX81), stored, assembled and analyzed
digitally by Photoshop CS4 program (Adobe, San Jose, CA).
For quantitative analysis of calcium deposition staining, the
assembled color images were converted to black and white
images, and the brightness and darkness of the images
were inverted, to capture the dark stain of calcium deposi-
tion. Calcium deposition was quantified from ratio of the
normalized sum of segmented image intensity and the
minimum segmented image intensity, moving along the width
of the channel/chamber, and using the Matlab R2007 program
(Matlab, Natick, MA).
Statistics/data analysis
Data were expressed as mean  standard deviation (SD)
of the measured values. Data were analyzed by ANOVA
for multiple comparisons, and a post hoc test for group to
group comparisons, with P o 0.05 considered statistically
significant.
Results
Regulation of BMP-2 expression and osteogenic differentiation
in static culture
We first characterized the Dox-dependent BMP-2 secretion
and Dox-dependent osteogenic differentiation in static culture,
for a series of Dox concentrations (0–1000 ng ml1, Fig. 3).
For C9 cells grown in static culture, secretion of BMP-2 was
induced when Dox concentration in osteogenic differentiation
medium was o1 ng ml1. The amount of secreted BMP-2 in
medium was negatively correlated to the concentration of
Dox, and reached ther maximum level when Dox was absent
from medium. During 4 weeks of osteogenic differentiation,
BMP-2 was mostly secreted within the first 2 weeks of culture,
after which the secretion of BMP-2 significantly decreased,
possibly due to the decrease in cell metabolism with time in
culture. When Dox concentration was Z 1 ng ml1, BMP-2
secretion could not be detected by ELISA throughout the
culture period (Fig. 3A). The DNA measurements of the C9
cells showed that the variation of Dox concentration from
1000 ng ml1 to 0 ng ml1 had no significant effect on cell
proliferation in the osteogenic-inductive culture (Fig. 3B).
The Dox concentrations in the range 1 ng ml1 to 0 ng ml1
induced Dox-dependent expression of BMP-2, that in turn
induced BMP-2-dependent osteogenic differentiation of C9
cells, as evidenced by calcium deposition and expression of
ALP (Fig. 3C–F). Calcium measurement and von Kossa
staining showed no detectable calcium deposition until the
3rd week of static culture. C9 cells cultured at lowest range of
Dox concentrations (0 or 0.1 ng ml1) had significantly higher
deposition of calcium than C9 cells cultured at higher
Dox concentrations (Z 1 ng ml1) in weeks 3–4 of culture
(Fig. 3C and E). Consistently, the ALP expression in
cells cultured at low Dox concentrations (0 or 0.1 ng ml1)
was high after one week of osteogenic induction culture
(Fig. 3D and F), demonstrating the initiation of osteogenic
differentiation.
In summary, the in vitro static culture suggest strong
correlations between Dox concentration, BMP-2 secretion
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exhibited a clear ‘‘cutoff’’ of BMP-2 expression and osteo-
genic differentiation at Dox concentration of 1 ng ml1, and
the differentiation was detectable after 3 weeks of culture.
Based on these findings, in subsequent flow experiments
we used bi-laminar flows of CDox = 1 ng ml
1 and
CDox = 0 ng ml
1 to generate osteoblast–fibroblast interface
in the same construct.
Characterization of the flow channel
The velocity profiles and concentration profiles in the device
were analyzed in detail using COMSOL Multiphysicss.
Firstly, the flow and mixing in the fluidic channel were
determined. In order to generate a concentration interface
perpendicular to the flow inside the channel, it was necessary
Fig. 3 Characterization of inducible BMP-2 expressing cell line (C9). (A) ELISA measurement of the secreted BMP-2 in culture media (n = 3).
(B) C9 cell proliferation profile by DNA measurement (n = 6). (C) Measurement of Calcium deposition (n = 4). (D) Measurement of alkaline
phosphates (ALP) (n = 4). *: p o 0.05. **: p o 0.05. (E) von Kossa staining of the C9 cells. (F) ALP staining of the C9 cells. Original
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that the flow past the inlet tubes be fully developed and
laminar.
The flow was characterized by low Reynolds numbers, of
0.055–0.011 for the channel, for the range of flow rates studied
(Fig. 4). The maximum flow rate of 5 ml min1  2 corres-
ponded to Re = 0.055 and the hydrodynamic development
length of 32 mm in the flow channel. Thus, the flow in each
system could be considered as fully developed, with negligible
variation in the direction transverse to flow. The wall shear
stress in the cell culture zone was 16.7–3.3 mPa.
Simplified fluidic models were developed to study the flow
and concentration profiles at steady state (Fig. 4). Different
values of the flow rate were simulated, while maintaining
at constant levels the other parameters, such as diffusion
coefficient (DDox = 3.93  106 cm2 s1),25 flow viscosity
(n = 103 Pa s), fluid density (r = 103 kg m3) and input
concentrations (CDox = 1 ng ml
1 = 2.25  1012 mol ml1;
CDox = 0). Simulation showed that two fluid flows meet in the
device, creating a concentration interface. Complete mixing
inside the channel was dependent on the flow rate.
To visualize the concentration profiles in each of the fluidic
systems, Calcein-AM, (DCalcein = 2.6 106cm2 s1) was used
as a model molecule, and the fluorescent images were acquired
to show selective Calcein distribution only in cells within the
channel (Fig. 5). The concentration profiles were additionally
verified in experiments that used the trypan blue dye
(Dtrypan_blue = 2.29  106 cm2 s1). In summary, the
patterned Calcein/Trypan blue distribution verified the simula-
tion result, indicating that the bi-laminar-fluidic system permitted
the alignment of two flows with different concentration profiles.
Patterning of osteogenic differentiation
We examined the effect of patterning Dox concentration on
osteogenic differentiation. Mineral deposition within cell
culture constructs was analyzed after 3 weeks dynamic culture
in osteogenic differentiation media as a functional marker
of osteogenesis. The result showed C9 cells cultured with
continuous Dox (1 ng ml1) treatment displayed less mineral
deposits (Fig. 6A1 and A2), whereas C9 cells cultured without
Dox treatment displayed more and relatively uniform mineral
deposits (Fig. 6C1 and C2). C9 cells cultured in a gradient of
Dox concentration exhibited zonal organization of mineral
deposition (Fig. 6B1 and B2). By pooling together the independent
experiments, and quantifying the normalized intensity of
mineralization in the flow chamber, we observed a gradual
decrease in mineralization across the Dox 0 ng ml1 and Dox
1 ng ml1 interface (Fig. 6B3), that was not observed at
continuous Dox concentrations of 1 ng ml1 ((Fig. 6A3), or
0 ng ml1 (Fig. 6C3). However, we also observed some
scattering of mineralization across the interface, and close to
edge areas, possibly due to molecular diffusion of Dox,
intracellular signalling of BMP-2, edge effects, or disturbances
of flow during medium exchange.
After the flow channel was scaled up to the fluidic chamber
(Supplemental Fig. 1w), we successfully replicated the compu-
tational simulation of the fluidic profiles, the dye separation
test (Supplemental Fig. 2w), and the patterning of osteogenc
differentiation (Supplemental Fig. 3w).
We observed significant effects of medium flow rate
on osteogenic differentiation. Under high flow rate at
5 ml min1  2 in fluidic channel (Supplemental Fig. 4Aw),
or 8 ml min1  2 in fluidic chamber (Supplemental Fig. 4Bw),
the C9 cells exhibited a less differentiated phenotype, compared
to the cells cultured at a flow rate of 1 ml min1  2 in fluidic
channel (Fig. 6), or 4 ml min1  2 in fluidic chamber
(Supplemental Fig. 3w). Osteogenic differentiation was further
enhanced by lowering the flow rate to 0.5 ml min1  2 in
fluidic channel (Supplemental Fig. 4Cw). These effects were
likely due to the dilution of cell-secreted factors (such as
BMP-2) at higher medium flow rates.
We were not able to generate an uniform gradient of ALP
staining along the Dox concentration profile. In contrast, we
Fig. 4 Flow analysis. Simplified flow model, the steady-state velocity
and concentration profiles are shown for a flow rate of 1 ml min1  2.
Data were calculated for the diffusion coefficient DDox = 3.93 
106 cm2 s1, fluid viscosity n=103 Pa s, fluid density r=103 kg m3,
and inlet concentrationsCDox= 1 ng ml
1 = 2.25 1012 mol ml1 and
CDox = 0 ng ml
1. Fig. 5 Dye separation studies. Separation of Calcein stain in the flow
channel at the flow rates of 5 ml min1  2 (A) and 1 ml min1  2 (B).
Data are for the diffusion coefficient of Calcein DCalcein = 2.6 
106 cm2 s1, and inlet concentrations of Calcein C+ = 2 mM and
C = 0, diffusion coefficient of Trypan blue of DTrypan blue = 2.21 
106 cm2 s1, and input concentrations of Trypan blue of C+= 229 mM
and C = 0. Flow direction is left to right. Original magnification:
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observed a clear pattern of distribution of bone sialoprotein, a
major component of the bone extracellular matrix, that
followed the pattern of Dox concentration, both in flow
channel and flow chamber (Supplemental Fig. 5B and Cw).
In addition, we observed relatively uniform distribution of
cells after 3 weeks fluidic culture (Supplemental Fig. 5Aw).
Taken together, these results demonstrate that spatial control
over Dox distribution can lead to spatial control over BMP-2
expression, and spatial control over osteogenic differentiation.
Discussion
We explored a novel strategy to patterning osteogenic differen-
tiation to generate a stable interface between differentiated and
undifferentiated cells. Osteogenic differentiation was patterned
by BMP-2 gene expression, which in turn was patterned by
the BMP-2 modulator Dox, using a bi-laminar microfluidic
system. This strategy of patterning the expression of key
master regulator genes within tissues mimics the mechanisms
of the development that underlie patterned differentiation
in vivo.26 Previous gene expression and immunohistochemical
studies described distribution and localization of BMP-2
during bone formation,27,28 consistent with the known effect
of BMP-2 gradients on osteogenesis. BMP-2 gradients were
also implicated in chondrogenic differentiation in the growth
plate29 and in pituitary organogenesis.30 The formation of
BMP-2 gradients thus provides an interesting approach for
application in tissue engineering.
Characterization of the C9 cells with inducible BMP-2 gene
expression in static culture showed that BMP-2 secretion was
tightly controlled by Dox concentration. The C9 cells had
clear ‘‘cutoff’’ of BMP-2 secretion at Dox of 1 ng ml1. In the
range of Dox concentrations of 1 ng ml1 to 0 ng ml1,
the cells showed Dox-dependent BMP-2 secretion, leading
to BMP-2-mediated osteogenic differentiation, that was clearly
evidenced by calcium deposition and ALP activity. There-
fore, by coupling the Dox-dependent BMP-2 secretion and
BMP-2-dependent osteogenic differentiation, we were able to
directly control osteogenic differentiation by the gene expression
modulator, Dox. Notably, Dox is a simple semi-synthetic
tetracycline (molecular weight of 444), widely used to treat a
variety of infections,31 which could provides a cost-effective
and efficient ‘‘turn on’’–‘‘turn off’’ functions for engineering
tissue functionality. The ‘‘turn on’’–‘‘turn off’’ functions of the
inducible gene expression could be further used in a temporary
manner, and adapted to study the dynamics of gene expression
in cell differentiation processes.
The microfluidic channel designed to conduct the present
study is a simple device with two parallel laminar flow streams.
The computational simulation and dye separation studies
confirm that this microfluidic system can be used to create
distinct regions of constant concentration and form time-
invariant gradients across the cell culture area, due to the lack
of convective mixing under low-Re number laminar flow.
After 3 weeks of cell culture with perfusion that generated a
patterned delivery of Dox, we observed patterned osteogenic
differentiation that correlated to the pattern of Dox concen-
tration. In the microfluidic chamber, after 3 weeks of osteogenic
differentiation, a transient gradient of mineral deposition, with
high calcium deposition at the top and low calcium deposi-
tion at the bottom, was established, in response to the Dox
concentration profiles.
Compared to the fluidic channel, the fluidic chamber offers
additional flexibility. First, it allows the cells to be attached to
a glass slide before the chamber assembly, which can provide
better control of cell seeding and distribution, a feature
suitable to a variety of cell culture applications. Second, as
the length of the flow chamber is increased, more mixing may
occur via diffusion perpendicular to the direction of fluid flow,
while keeping input flow rates and compositions constant.
Therefore, we were able to create and maintain a range of
gradients by carefully choosing the concentrations and flow
rates of the fluid streams, for long periods of time. This feature
may enable studies of more sophisticated cell functionality in
response to gradients of signals. Third, the height of the fluidic
chamber can be varied, by adjusting the thickness of the
Fig. 6 Dox dependent osteogenic differentiation in the flow channel. C9 cells were cultured in osteogenic differentiation medium in a perfused flow
channel, at a flow rate of 1 ml min1  2, for 3 weeks. Images show von Kossa staining of calcium deposition for selected conditions: (A1, A2)
Perfusion medium with Dox 1 ng ml1 (top)/1 ng ml1 (bottom); (B1, B2) Perfusion medium: Dox 0 ng ml1 (top)/1 ng ml1 (bottom); (C1, C2)
Perfusion medium: Dox 0 ng ml1 (top)/0 ng ml1 (bottom). (A3, B3, C3) Intensity of calcium staining, obtained by pooling repeated experiments
(n = 3 per condition). The staining of the deposited calcium is expressed at the ratio of the normalized sum of segmented (B0.25 mm) image
intensity and the minimum intensity along the y axis (the width) of the chamber. Data were processed using Matlab R2007 program. Flow
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gasket, thereby adjusting shear stress in the system. Potentially,
the microfluidic chamber could be eventually up-graded to
hold slim 3-dimensional tissue constructs for study of higher
order tissue interfaces.
In laminar-fluidic systems, the paracrine/autocrine signals
released by the cells in response to the applied gradient
could be quickly removed by medium perfusion and
accumulated downstream. In this study we observed that flow
diluted the extracellular concentration of BMP-2, leading to
‘‘less differentiated’’ phenotype compared to static culture.
These effects could be modulated to some extent by adjusting
the flow rates. By decreasing the flow rates, from 8 ml min1 
2 to 4 ml min1  2 in fluidic chamber, or from 5 ml min1  2
to 1 ml min1  2 in fluidic channel osteogenic differentiation
was markedly enhanced calcium deposition.
We also observed that the osteogenic differentiation increased
at the channel walls, presumably due to the edge effects in
laminar flow system. In a typical laminar flow profile, the
highest velocity is found in the center of channel or chamber,
while the lowest velocity (V = 0) is found along the wall. As
discussed above, osteogenic differentiation is enhanced at
lower fluid flow rates. Therefore, the zero velocity along the
wall can lead to the accumulation of autocrine and paracrine
signals, and result in a higher degree of osteogenic differentia-
tion even with the presence of Dox. Therefore, we suggest that
the analysis of cell differentiation in this flow system needs to
take into account the edge effects.
In summary, we developed an interface between osteogenic
and undifferentiated cells, as a prototype of our proposed
patterned gene expression strategy. The 2D system investi-
gated in this study presents a valuable tool for controlled
in viro study of osteogenesis.
Patterned osteogenesis of mesenchymal stem cells, when
scaled up to 3D, would enable generation bone-ligament or
osteo–chondrogenic interface in engineered tissue constructs.
Future work of interest includes patterning of osteogenesis–
fibrogenesis interfaces, by modulation of inducible BMP-2
expression on one side of the interface, and modulation of
other growth factors32 (connective tissue growth factor,
CTGF, and TGF-beta1) on the other side of the interface,
using the fluidic chamber. Likewise, osteogenic–chondrogenic
interface could be patterned by constructing a super vector
composed of two gene expression cassettes—inducible BMP-2
expression under Tet-on promoter and inducible Sox9 under
RheoSwitch promoter. Such a vector would mimic a bio-
logical circuit controlling the expression of two separate genes
(BMP-2 and Sox9) with combination of modulators.
Conclusions
In summary, this study demonstrates that a continuous,
graded osteogenesis tissue interface can be established by
patterning the BMP-2 gene expression, via patterning of the
BMP-2 modulator Dox, using a simple laminar-fluidic system.
This approach provides an alternative way to develop transitional
interface zones for enhanced tissue integration and biological
function. The technology also provides an interesting model to
study how a gradient of gene expression can modulate cell fate
and expression of a specific phenotype or function. The use of
alternative cell types and 3-dimensional scaffolds could enable
regeneration of more sophisticated, higher-order tissue inter-
faces that mimic the structural and functional characteristics
of native tissues.
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